Stell BM. Biphasic action of axonal GABA-A receptors on presynaptic calcium influx. J Neurophysiol 105: 2931-2936 , 2011 . First published April 6, 2011 doi:10.1152/jn.01125.2010.-Although ionotropic ␥-aminobutyric acid A receptors (GABA A Rs) have long been known to exist on the axons of many different cells, their effect on axon excitability and synaptic transmission remains controversial. Here, using high-speed Ca 2ϩ imaging, it is shown that they induce a biphasic effect in parallel fibers of the cerebellar cortex. Multicellular measurements indicate a facilitation of action potential (AP)-evoked Ca 2ϩ transients, which is subsequently followed by depression. However, the receptor activation does not increase influx of Ca 2ϩ into individual fibers but instead, increases the probability of AP generation. These results provide a description of the effect of presynaptic GABA A R activation and explain why reports of the effect of their activation have been so varied.
␥-AMINOBUTYRIC ACID A RECEPTORS (GABA A Rs) are found on many different cell types throughout the brain and spinal cord (Kullmann et al. 2005; Trigo et al. 2008 ) with downstream effects varying between excitatory and inhibitory. Original reports of presynaptic GABA A R activation came from the work of John Eccles in the 1960s (Eccles et al. 1961) , showing that release from primary afferents was inhibited by activation of presynaptic GABA A Rs (Curtis and Lodge 1982) . More recent data from fibers in the brain have shown both inhibitory (Glickfeld et al. 2009; Zhang and Jackson 1995) and excitatory effects (Stell et al. 2007; Szabadics et al. 2006; Trigo et al. 2007; Turecek and Trussell 2002) , with the sign of the effect on a given fiber differing among labs and even within the same lab (Ruiz et al. 2003 (Ruiz et al. , 2010 . Since axonal Cl Ϫ concentration appears to be higher than in other compartments of the cell (Price and Trussell 2006; Szabadics et al. 2006) , in most cases, the end result, whether inhibitory or excitatory, seems to come from an initial depolarization of the presynaptic membrane (although see Glickfeld et al. 2009 ).
Previous results from this lab have shown that activation of GABA A Rs located on parallel fibers results in increased release of glutamate onto downstream targets. However, the method that was used to monitor the fibers may have been biased toward revealing an excitatory effect of the receptor, because inhibition of the low levels of spontaneous activity in these cells (Brickley et al. 1996) might be too subtle to recognize postsynaptically. Therefore, to more directly examine the effect of these receptors, the presynaptic fibers were examined using intracellular calcium measurements resulting from action potentials (APs) evoked in parallel fibers. Unlike whole-cell recordings, this method has the advantage of allowing for the study of the receptors in a context where the GABA reversal potential and membrane potential are left largely unperturbed.
MATERIALS AND METHODS
Sprague-Dawley rats were provided by Javier (St. Berthevin, France) and subsequently housed at the central animal house at the Université Paris Descartes (center St. Pères, approval no. A-750607), approved by the Prefecture de Police following inspection by Veterinary Services of the city of Paris and representatives of the French Ministry of Research and the Ministry for Health in agreement with the European Directive 86/609/EEC regarding the protection of animals used for experimental and other scientific purposes. Animals were killed by decapitation under general anesthesia following inhalation of the volatile anesthetic isoflurane following the recommendations of the European commission to be used with the Directive 86/609/EEC.
Slice preparation. Two hundred-to 300-m-thick coronal or transverse slices of cerebellar vermis were prepared from P18 to P30 Sprague-Dawley rats using a VT1000S vibratome (Leica Microsystems, Wetzaler, Germany). Slices were cut in ice-cold artificial cerebellar spinal fluid (aCSF) composed of (in mM): 130 NaCl 2 , 2.4 KCl, 1.3 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 , 20 glucose, and 26 NaHCO 3 , supplemented with 1-3 kynurenic acid and bubbled with 95% O 2 /5% CO 2 before transferred to an incubation chamber containing the bubbled recording aCSF (without kynurenic acid), where they incubated at 34°C for 30 -40 min before the temperature was decreased to room temperature. Slices were transferred to the recording chamber and perfused with bubbled aCSF while imaged with a 63 ϫ 0.9 numerical aperture objective on an upright Zeiss Axioskop (Oberkochen, Germany), and unless otherwise stated, the recordings were made at room temperature.
Loading of magnesium green. Stock solutions were prepared by dissolving 50 g of Magnesium Green AM (Invitrogen, France) with 244 l of 20% pluronic in DMSO (Invitrogen) to make a stock concentration of 2 mM. Aliquots of 1 l were frozen and on the day of experiments, thawed, and 100 l of aCSF was added to the aliquot to make a final concentration of 20 M of the indicator. This solution was applied to the fibers using a modified protocol described by Regehr and Atluri (1995) . Briefly, the indicator was loaded into a large patch pipette and lowered onto the surface of a section of the slice (maintained at ϳ36°C) containing the molecular layer, and the tip of another broken-patch pipette was lowered to ϳ100 m above the pipette containing the indicator. Slight positive pressure (ϳ10 cmH 2 O) was applied to the pipette containing the indicator, while suction was applied to the back of the broken pipette; this configuration was maintained for ϳ30 min, and the indicator could be seen to have diffused Ͼ200 m down the length of the parallel fibers.
Calcium imaging. Epifluorescence illumination was performed with a blue light-emitting diode (470/30 nm excitation) controlled with an OptoLED light source (Cairn Research, Kent, UK). Emitted light from a section of the fibers Ͼ200 m away from the loading site was collected (595 nm long-pass dichroic and 525/50 emission filter) with an electron-multiplying charge-coupled device (CCD) camera (Andor Ixon, Belfast, UK). Images were taken 341.5 Ϯ 41.9 m down the length of the fibers from the loading site and 278.6 Ϯ 28.3 m from the stimulation electrode. Using Andor Solis software, acquisition from the CCD chip was binned at 1 ϫ 32 pixels, and time series were collected at frame rates between 820 s and 4 ms. As can be seen in Fig. 1B , the AP-evoked signals did not saturate throughout a train of 10 APs, which was the longest train used in this study. Data were analyzed using home-written routines in combination with NeuroMatic (v2.03; courtesy of Dr. Jason Rothman, thinkrandom. com) in Igor Pro (v6.11; WaveMetrics, Lake Oswego, OR). Since low-affinity indicators, such as the one used in this study, are unable to reliably report basal calcium levels (Regehr and Atluri 1995) , change in fluorescence/nonzero fluorescence (⌬F/F 0 ), in response to stimulated parallel fibers, was always examined. ⌬F/F 0 was calculated using the average count within a region of interest drawn onto each frame divided by the average across all frames prior to stimulating the fibers. Since unresponsive fibers that were loaded with the indicator cannot be discriminated from background fluorescence, background subtraction was inappropriate and was therefore never performed. Since this low- Gabazine (10 M) blocks the inhibitory effect of muscimol, and the inhibition returns after gabazine is washed from the bath. Control and gabazine are averages of 5 interleaved trials in the presence and absence of muscimol, whereas the wash is the average of 3 interleaved trials. Right, top: group data showing that muscimol had an inhibitory effect compared with control conditions in all but 1 preparation, in which there was an excitatory effect (OE); bottom: the peak change in fluorescence/ nonzero fluorescence (⌬F/F 0 ) of the 10th stimulus in each recording in control and muscimol. Solid lines represent P Ͻ 0.05; paired Student's t-test. Error bars represent SE. C, left: fiber volleys from single stimuli recorded by an extracellular electrode positioned Ͼ200 m away from the stimulating electrode. After 10 s of 20 M muscimol application (black lines), the amplitude of the fiber volley was reduced from control conditions (gray lines). Right, top: group data of the relative effect. Right, bottom: raw data of fiber volley amplitudes for each preparation; solid lines represent P Ͻ 0.05; paired Student's t-test. Error bars represent SE. affinity calcium indicator unreliably reports basal calcium levels, only ⌬F/F 0 values associated with evoked APs are reported.
Extracellular stimulation and recording. The two poles of an isolated pulse stimulator (A-M Systems, Carlsborg, WA) were connected to platinum wires inserted into separate barrels of a theta glass micropipette filled with aCSF. The pipette was lowered onto the parallel fibers near the site where the indicator was loaded, bipolar stimulation was delivered to the fibers with the stimulator set to constant voltage mode, and fibers were stimulated with submaximal stimulation intensities except for Fig. 3 . For extracellular recordings, a whole-cell patch pipette filled with aCSF was lowered Ͼ200 m away from the stimulation electrode, and signals were amplified using an EPC 10 (HEKA Elektronik, Lambrecht, Germany) in current clamp mode. Muscimol was dissolved to a final concentration of either 20 or 1 m in aCSF and applied to the fibers with positive pressure (10 -50 cmH 2 O) from a peristaltic pump. K ϩ was locally elevated by puffing an external aCSF solution with 15-25 mM NaCl substituted with 15-25 mM KCl.
RESULTS

Inhibition of presynaptic fibers.
With the use of a bipolarstimulating electrode, trains of APs were evoked in parallel fibers loaded with the AM form of the low-affinity calcium indicator Magnesium Green, and resulting calcium transients (Sabatini and Regehr 1998) were recorded by imaging fibers with a high-speed CCD camera. A micropipette was lowered onto the slice to deliver the selective GABA A R agonist muscimol between the imaging site and stimulating electrode, and calcium transients were recorded in interleaved trials (5-min intervals) in the presence and absence of activation of parallel fiber GABA A Rs (Fig. 1A) . Ten seconds after the onset of continuous 20-M muscimol delivery to the fibers, calcium transients, evoked by trains of 10 APs at 50 Hz, were significantly smaller than interleaved control trials in four of five preparations ( Fig. 1B ; muscimol 82.1 Ϯ 9.8% of control; n ϭ 5). In one preparation, muscimol application significantly increased calcium transients (Fig. 1B) , and in all cases, when experiments were performed in the presence of the GABA A R antagonist gabazine, muscimol had no effect on evoked calcium transients ( Fig. 1B ; muscimol 99.6 Ϯ 1.5% of control; n ϭ 4).
With the intention of directly determining how presynaptic GABA A R activation affected the excitability of the fibers, extracellular field recordings of the parallel fiber volley were made in a separate set of experiments. With the use of this technique, activation of the receptors with muscimol for 10 s decreased the amplitude of the population AP evoked by extracellular stimulation below interleaved control values in all four experiments ( Fig. 1C ; muscimol 66.5 Ϯ 9.1% of control; P Ͻ 0.05; paired Student's t-test; n ϭ 6). As in calcium imaging experiments, this decrease was not observed after GABA A Rs were blocked with 10 M gabazine (muscimol 96.0 Ϯ 2.2% control; P Ͼ 0.05; paired Student's t-test; n ϭ 6 preparations). This result, taken together with previously reported increases in spontaneous release following activation of these receptors, suggests that there might be two components of the net effect of activation of the receptor.
Biphasic effect of presynaptic GABA A Rs. Therefore, since the experiments outlined above probe the excitability of the fibers at a discrete time point, 10 s following the beginning of continuous, presynaptic GABA A R activation, experiments were performed to better resolve the time course of the effect. To accomplish this, calcium transients were evoked using stimuli delivered to parallel fibers at a frequency of 1 Hz. The resulting calcium transients decayed rapidly to baseline within 200 ms ( Fig. 2A) , and peak transients could be monitored as muscimol was delivered to the fibers. This protocol produced a higher sampling frequency of the effect and revealed that activation of presynaptic GABA A Rs had a biphasic control of the amplitude of evoked calcium transients. Amplitudes increased up to 1.5-fold during the first second of muscimol application and decreased to below control levels as muscimol application continued (Fig. 2B) . The average evoked calcium transients across all experiments was significantly increased by 23.6 Ϯ 5.9% (P Ͻ 0.05; paired Student's t-test; n ϭ 7) 1 s following the start of muscimol application. When statistics were performed on individual preparations, this effect was found to be significant in six of seven experiments conducted ( Fig. 2C ; P Ͻ 0.05; paired Student's t-test between transients recorded at 0 and 1 s following muscimol application). In the one experiment, where a significant change in the amplitude of the evoked transient was not recorded 1 s following application of muscimol, there was a significant increase in amplitude when tested later in the application (Fig. 2C) . As in the previous set of experiments, responses varied when calcium transients were probed later in the muscimol application (Fig.  2C) , with transients decreased from control in three experiments, increased in one experiment, and no change in three experiments (although the signal in these three experiments had been potentiated when tested 1 s following muscimol application). As discussed below, the variability in the response at the later time point likely reflects several different factors including the actual muscimol concentration, which is reached at the receptors.
Mechanism of calcium increase. Previous work from this lab indicated that these receptors act to depolarize presynaptic membranes (Stell et al. 2007 ); however, since depolarization is likely to ultimately inactivate voltage-gated channels, it is not clear how depolarization would lead to increased, evoked calcium transients. To investigate this, calcium transients were monitored using the same conditions as described above, while 15-25 mM K ϩ was applied to the fibers instead of muscimol (Fig. 3A) . Like muscimol, elevating the concentration of K ϩ induced a biphasic change in Ca 2ϩ responses that increased above control values ( Fig. 3A; 116.8 Ϯ 2.9% of control; P Ͻ 0.05 paired Student's t-test; n ϭ 6). This indicates that a depolarization of the fibers does indeed increase AP-evoked calcium responses under these experimental conditions. However, since the transients are recorded from a population of fibers, the change in calcium transients could reflect either increased calcium influx in individual fibers or increased numbers of fibers responding to each stimulus.
In an attempt to distinguish between these two possibilities, experiments were performed in which stimulation intensity was incrementally increased. The magnitude of the stimulation should not affect the APs in individual fibers, and therefore, increased Ca 2ϩ -transient amplitudes under these conditions reflect increased numbers of fibers recruited (Regehr and Atluri 1995) . As stimulation intensity increased, calcium-transient amplitudes increased until reaching an amplitude, which could not be surpassed with increased stimulation intensities (Fig.  3B) . Calcium transients were then evoked at 1 Hz using stimulus intensities that produced near-maximal calcium responses while muscimol was applied to the fibers (Fig. 3C) . When stimulated near maximal levels, calcium transients were potentiated less by muscimol application (13.6 Ϯ 7.8% of control; n ϭ 6), whereas transients produced by interleaved stimuli with lower intensities continued to be potentiated ( Fig.  3C ; 36.8 Ϯ 5.7% of control; P Ͻ 0.05; paired Student's t-test). This result indicates that AP-evoked calcium influx into individual parallel fibers is not increased following GABA A R activation and instead suggests that activation of presynaptic receptors increases the overall number of fibers recruited with each stimulus. This observation can be explained if presynaptic GABA A Rs induce a depolarization in presynaptic fibers, which causes stimuli that were subthreshold without receptor activation to reach threshold and induce APs after receptor activation. This explanation is consistent with the finding that increasing the local concentration of K ϩ at the fibers produces similar results (Fig. 3C) .
Receptor activation at elevated temperatures and reduced agonist concentrations. Since ultimately, the effect of the receptors depends on the GABA A reversal potential, which is highly temperature sensitive, experiments were performed at elevated temperatures (36.1 Ϯ 0.3°C). Under these conditions, muscimol application also increased the amplitude of evoked Ca 2ϩ transients in all four preparations tested ( Fig. 4A ; P Ͻ 0.05; paired Student's t-test; average effect 29.4 Ϯ 13.0% greater than control), and the effect was completely blocked in all of the preparations after the application of 10 M gabazine (P Ͼ 0.05; paired Student's t-test; average effect 103.8 Ϯ 5.7% of control). This indicates that despite a theoretical decrease in the GABA A reversal potential at higher temperatures (Goldman 1943; Hodgkin and Katz 1949) , activation of presynaptic receptors nevertheless acts to increase Ca 2ϩ transients. Previous work from this lab and others has shown that as a result of spillover from neighboring GABAergic synapses, GABA receptors on parallel fibers are exposed to high enough concentrations of GABA to be activated (Dittman and Regehr 1997; Stell et al. 2007 ). However, the concentration of the agonist used in this study is likely to be much larger than the concentrations of GABA that are seen by the receptors after spillover. Therefore, since large concentrations of GABA agonists can produce opposite effects to lower concentrations (Alger and Nicoll 1979; Staley et al. 1995) , it was important to determine the presynaptic Ca 2ϩ response to lower concentrations of agonist. Using 1 M muscimol, the effect was tested using the same experimental paradigm, and although the effect was substantially smaller, Ca 2ϩ transients were significantly larger in the presence of the agonist in four of five preparations tested ( Fig. 4B ; P Ͻ 0.05; paired Student's t-test; average effect 6.8 Ϯ 1.3% greater than control), and the effect was completely blocked by 10 M gabazine in all cells ( Fig. 4B ; P Ͼ 0.05; paired Student's t-test; average effect 102.5 Ϯ 1.0% of control). Therefore, the effect is fundamentally the same when tested at higher temperatures and when receptors are activated using substantially lower concentrations of agonists.
DISCUSSION
Although it is difficult to generalize across different cell types, these results could explain why activation of presynaptic GABA A Rs has been reported to have varying downstream effects (Glickfeld et al. 2009; Ruiz et al. 2003 Ruiz et al. , 2010 Stell et al. 2007; Szabadics et al. 2006; Trigo et al. 2007; Turecek and Trussell 2002; Zhang and Jackson 1995) . Here, it is shown that their activation initially produces a facilitation of AP-evoked calcium transients in parallel fibers that become inhibitory after prolonged activation. Similar results are recorded when fibers are depolarized by locally increasing the concentration of external K ϩ and therefore, suggest that the initial facilitation of calcium transients is produced by a depolarization. This is consistent with the prior report from this lab that presynaptic GABA A R activation increases the frequency of TTX-sensitive presynaptic release from these fibers (Stell et al. 2007 ). However, since the initial potentiation is not seen when maximal numbers of fibers are activated, it appears that like in other presynaptic fibers (Alle and Geiger 2006; Awatramani et al. 2005; Scott et al. 2008 ), depolarization does not increase the AP-induced calcium current into individual fibers but instead, increases the probability that a given fiber fires an AP. The inhibitory phase of the receptor activation was more variable, presumably due to its superimposition on the excitatory phase. Interestingly, it was absent when receptors were activated at higher temperatures, lower concentrations of the agonist (Fig.  4) , and in the initial few seconds of receptor activation. This suggests that under physiological conditions, the receptors usually operate in the facilitatory regime, and although this inhibitory phase could potentially explain the variability in previous reports of presynaptic GABA A R activation, it is probably uncommon under physiological circumstances. The variability in the responses reported after activation of these receptors from different labs has been intriguing but could be due to some experimental conditions promoting facilitation by the receptors while other conditions promote the biphasic response. The concentration profile of the agonist will determine how the fibers respond, and this could vary greatly even within the same preparation. For instance, here, the parallel fibers are loaded at the surface of the slice, because those fibers are the most accessible to loading with AM indicators. However, it is difficult to prepare slices in which the fibers are consistently, perfectly parallel to the surface of the slice, and therefore, they sometimes dive into the slice. The slow development of the facilitatory effect seen in some preparations in this study (Fig. 2C) could result from fibers that were not parallel to the surface of the slice, and therefore, the arrival of muscimol was slower and reached a lower maximum concentration due to the increased depth from the surface of the slice. This would obviously provide a large variability even within the same preparation and is a likely explanation for why previous reports of the response have been so varied.
Likewise, when parallel fibers presynaptic to a recorded Purkinje cell are probed in an electrophysiology study using the same transverse slices to maintain the length of the parallel fibers, the presynaptic fibers are always located at a substantial distance from the surface of the slice and therefore, see lower concentrations of agonists applied to the surface of the slice. This is because the Purkinje cells that are recorded from are the ones that are not damaged during the slicing process and are always oriented with their dendrites diving into the slice. Therefore, despite using the same slice and applying muscimol in the same manner, using one approach to study fibers presynaptic to a Purkinje cell could produce different results than another approach performed in the exact same preparation, because although the fibers are similar, they see different profiles of agonist concentrations.
Under physiological conditions, the spillover of GABA from neighboring interneuron synapses onto the presynaptic GABA A Rs of a given parallel fiber (Stell et al. 2007 ) increases the likelihood that the cell will fire a subsequent AP, thereby producing a positive feedback promoting bursts of APs. Although APs are evoked using extracellular stimulation of parallel fibers in this study, there is no reason to believe that the depolarization provided by the receptors would have a different effect on integration of synaptic potentials in the soma. In this scenario, beams of parallel fibers could be recruited to fire together, and the subsequent inhibition provided by the inactivation would act to keep this positive-feedback system from running out of control. Interestingly, it should be noted that the effect of these receptors is very similar to the effect reported for the activation of presynaptic kainate receptors on the mossy fibers of the hippocampus, which also initiates a biphasic sequence of facilitation and depression of presynaptic fibers (Schmitz et al. 2001) .
